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Introduction
GARS is a widely and constitutively expressed gene that encodes glycyl-tRNA synthase (GlyRS), which serves to covalently attach glycine to its transfer RNA (tRNA), priming it for protein translation (Antonellis and Green, 2008) . Dominant mutations in GARS cause Charcot-Marie-Tooth disease type 2D (CMT2D, OMIM 601472), a disorder of the peripheral nerves with the principal clinical symptom of muscle wasting originating in the extremities (Antonellis et al., 2003) . A battery of evidence indicates that these GARS mutations cause a toxic, gain-of-function (Grice et al., 2015; Motley et al., 2011; Nangle et al., 2007; Seburn et al., 2006; Xie et al., 2007) , and that this is at least partially reliant upon the exposure to the protein surface of regions usually buried in wild-type GlyRS (He et al., 2011) . Recently published work suggests that these neomorphic regions cause mutant GlyRS to aberrantly bind to the transmembrane receptor protein neuropilin 1 (NRP1) (He et al., 2015) . NRP1
functions in both the nervous and vascular systems by binding to the extracellular signalling molecules semaphorin 3A (SEMA3A) and vascular endothelial growth factor-A 165 (VEGF-A 165 ) via the co-receptors plexin A and VEGFR2, respectively ( Fig. S1A ) (Neufeld et al., 2002) . In the study by Yang and colleagues, mutant GlyRS was shown to specifically interact with the extracellular region of NRP1 integral to VEGF-A 165 binding (the b1 domain) (Gu et al., 2002) , and thereby antagonise NRP1/VEGF-A signalling ( Fig. S1B ) (He et al., 2015) . CMT2D embryonic day 13.5 (E13.5) hindbrains phenocopied the facial motor neuron migration defects of mice deficient in VEGF-A 164 (murine equivalent of human VEGF-A 165 ) and Nrp1 (Schwarz et al., 2004) . Moreover, genetically reducing Nrp1 levels enhanced the severity of CMT2D pathology, whereas providing additional VEGF-A 165 via lentiviral intramuscular injections improved the phenotype.
VEGF-A functions in a diverse array of neuronal processes (Mackenzie and Ruhrberg, 2012; Ruiz de Almodovar et al., 2009) , and a mild reduction in VEGF-A causes progressive motor neuron degeneration in mice (Oosthuyse et al., 2001) , partially explaining why antagonisation of Nrp1/VEGF-A signalling could be contributing to the neuronal pathology in CMT2D. However, NRP1 and VEGF-A are also critical to blood vessel formation (vasculogenesis), development/expansion (angiogenesis), and growth (arteriogenesis) (Kofler and Simons, 2015; Plein et al., 2014) . Homozygous Nrp-1 (Gerhardt et al., 2003; Kawasaki et al., 1999) , homozygous VEGFR2 (Shalaby et al., 1995) , and heterozygous VEGF-A (Carmeliet et al., 1996; Ferrara et al., 1996) null mice all display severe embryonic vascular deficits that greatly contribute to embryonic lethality. Though mutating residues in the VEGF-A binding site of Nrp1 does not phenocopy the severity of the knockout mice (Fantin et al., 2014; Gelfand et al., 2014) , it reduces blood vessel branching in the embryonic hindbrain and causes a post-natal impairment in angiogenesis and arteriogenesis (Fantin et al., 2014) , resembling the milder phenotype of mice lacking Nrp1-binding VEGF-A isoforms (Ruhrberg et al., 2002) . This body of work suggests that Nrp1 has both VEGF-dependent and VEGF-independent functions in blood vessels, and that Nrp1/VEGF-A signalling is perhaps more important for vascularisation post-than pre-birth (Fantin et al., 2014) . Consistent with this, blocking VEGF-A binding to Nrp1 with a monoclonal antibody impairs vascular remodeling in the peri-natal mouse retina (Pan et al., 2007) .
Although the exact function of VEGF-A signalling through Nrp1 in blood vessels has not been fully elucidated at all stages of life, its central importance to the vascular system is absolutely clear. Given that mutant GlyRS competes with VEGF-A for Nrp1 binding, and that GlyRS is secreted and found in circulating serum of humans and mice (Grice et al., 2015; He et al., 2015; Park et al., 2012) , we decided to assess the effect of mutant GlyRS on the architecture of capillaries in a murine model of CMT2D.
Results and Discussion
Nrp1 is widely expressed in a range of different tissues (Soker et al., 1998) , localising to the vascular system (Fantin et al., 2011; Fantin et al., 2010) and many neuronal types, including motor neurons (Feldner et al., 2005; Huber et al., 2005; Moret et al., 2007) . As mutated GlyRS binds to Nrp1 impacting the motor nervous system of Gars mice (He et al., 2015) , and CMT2D is a neuromuscular condition, we wanted to assess the expression pattern of Nrp1 in a post-natal tissue with both vasculature and motor nerves. We therefore performed immunohistochemistry on wholemount distal, fast-twitch lumbrical and proximal, slow-twitch transversus abdominis (TVA) muscles from one and three month old wild-type mice. These muscles are thin and flat, permitting the visualisation of the entire vascular and nervous systems (Murray et al., 2014; Sleigh et al., 2014a) . In these muscles at both time points, Nrp1 (white) did not specifically localise to SV2/2H3 + (green) motor neurons or S100 + (blue) Schwann cells ( Fig. 1A-B) . Rather, its expression consistently coincided with the endotheliumbinding isolectin B 4 (IB4, red) (Fig. 1C, S2A-B ). Nrp1 could be observed faintly surrounding the motor neurons contiguous with IB4, but peripheral to the staining of both S100 and myelin basic protein (Mbp, yellow) (Fig. 1C, S2C ). These results indicate that Nrp1 predominantly localises to the vascular system in post-natal skeletal muscle; however, we cannot exclude there being a low level of motor neuronal expression. Indeed, a previous report suggests that Nrp1 is found in motor axons of sectioned, adult gastrocnemius muscle (Venkova et al., 2014) . The fundamental requirement for Nrp1 in motor nervous system development is undisputed (Feldner et al., 2005; Huber et al., 2005; Huettl et al., 2011; Moret et al., 2007) , but its post-natal function and localisation remains less well defined. Motor neuron-specific ablation of Nrp1 using the Olig2 promoter is reported to cause postnatal motor axon loss and muscle atrophy (Helmbrecht et al., 2015) , but Nrp1 was deleted developmentally (Olig2 is expressed from ≈E8.5 (Lu et al., 2000) ) rather than at or post-birth. It is possible that low levels of post-natal motor neuronal Nrp1 expression provide sufficient substrate for mutant GlyRS to contribute to peripheral nerve degeneration in CMT2D mice. However, given that developmental defects are observed in Gars mice (He et al., 2015; Sleigh et al., 2016 preprint) , and that Nrp1 expression is developmentally downregulated in neuronal tissue (Bovenkamp et al., 2004; Fujisawa et al., 1995) , we should not rule out that mutant GlyRS-mediated inhibition of Nrp1/VEGF-A signalling during development may be predisposing the motor system to the subsequent degeneration observed at later, post-natal stages (Sleigh et al., 2014b; Spaulding et al., 2016) .
Irrespective of the importance of Nrp1 in motor neurons, it is clear that it is highly expressed in blood vessels embedded in skeletal muscle. We therefore decided to assess structural features of the muscle vascular bed in wild-type and Gars C201R/+ mice using IB4 staining (Fig. S3) . Gars C201R/+ mice display a range of sensory and motor defects modelling CMT2D (Achilli et al., 2009; Sleigh et al., 2016 preprint; Sleigh et al., 2014b; Spaulding et al., 2016) . Confocal Z-stack images were taken throughout the entire depth of one and three month old lumbrical and TVA muscles ( Fig assessed. These time points represent early and later symptomatic stages of disease in Gars C201R/+ mice, and were chosen to complement previously performed in-depth motor and sensory phenotypic analyses (Sleigh et al., 2016 preprint; Sleigh et al., 2014b) . We saw no significant difference between wild-type and mutant Gars capillary beds in any of the parameters analysed, suggesting that Gars C201R/+ vasculature is unimpaired in fast and slow twitch skeletal muscles. The capillary diameter was consistent across muscles and varied little over time, while capillary and branching densities showed variability between muscles, and appeared to decline with age, presumably due to muscle growth. These differences confirm the suitability of this strategy for detecting changes in the vasculature induced over time. We also stained muscles for Nrp1 and VEGFR2, but found no obvious discrepancies in the level of expression or localisation between genotypes (Fig. S4 ).
Nrp1 is indispensable for vascularisation of the mouse retina and central nervous system, but is thought to be less critical for the vasculature of other tissues such as muscle (Tata et al., 2015) . In vivo disruption of Nrp1 binding to VEGF-1 has previously been shown to disturb post-natal vascular density and patterning of the retina at 21 days, and vessel branching in embryonic hindbrains (Fantin et al., 2014; Gelfand et al., 2014) . We therefore assessed the IB4 + capillary network in one and three month old retinas (Fig. 3) , and E13.5 hindbrains (Fig. 4A,C-E) . Gars mice had similar retinal capillary diameters (Fig. 3B) , densities (Fig. 3C) , and branching ( Fig.   3D ) as wild-type at both time points. There was also no difference in the number of major radial branches emanating from the central retina (Fig. 3E) . The mutant hindbrain equally showed no distinctions in blood vessel structures between genotypes ( Fig. 4C-E) . Similar to skeletal muscles, no obvious differences in Nrp1 and VEGFR2 staining in either retinas or hindbrains were seen (data not shown), which is consistent with western blotting showing that Nrp1 and VEGFR2 protein levels remain unaltered in embryonic Gars neural tissues (He et al., 2015) . Finally, we assessed vascular density in sectioned sciatic nerves from one month old mice, in order to see whether post-natal neuronal tissue was affected. Anti-platelet endothelial cell adhesion molecule 1 (Pecam1) was used instead of IB4 due to superior staining of the vasculature in this tissue (Fig. 4B) . Mutant mice showed a non-significant trend towards increased capillary density (Fig. 4F) ; however, this is likely simply caused by the reduced axon calibres of mutant mice (Achilli et al., 2009) .
Mutant GlyRS appears to compete with VEGF-A for extracellular binding to the transmembrane receptor protein Nrp1 contributing to the peripheral nerve pathology observed in CMT2D (He et al., 2015) . Reduced binding of VEGF-A to Nrp1 has previously been shown to impair post-natal angiogenesis and arteriogenesis (Fantin et al., 2014; Gelfand et al., 2014) . We thus set out to determine whether the capillary network of mutant Gars mice is altered either in the post-natal period or developmentally. We found that Nrp1 was highly expressed in post-natal skeletal muscle blood vessels, but not in motor neurons (Fig. 1) ; however, capillary diameter, density, and branching were unaffected by mutant GlyRS in both distal and proximal muscles (Fig. 2) . This was replicated in adult retinas (Fig. 3) , one month sciatic nerves (Fig. 4F) , and embryonic hindbrains ( Fig. 4C-E) . We have therefore shown that the vascular system is unaffected in Gars C201R/+ mice from embryonic development to adulthood. Extra-neuronal tissue pathology and disease mechanisms have been reported in mouse models of a number of peripheral nerve conditions including spinal muscular atrophy (Sleigh et al., 2011 ), Kennedy's disease (Cortes et al., 2014; Lieberman et al., 2014) , and amyotrophic lateral sclerosis (Puentes et al., 2016) , appearing to mirror the human conditions, at least in some of their most debilitating incarnations (Somers et al., 2016) . Nevertheless, we have convincingly ruled out that non-neuronal pathology extends to CMT2D, which is in keeping with the clinical presentation of patients.
So why does antagonisation of Nrp1/VEGF-A signalling affect the peripheral nervous system, but not the vascular system, when it is critical for the functioning of both?
First of all, this could reflect discrepancies between the mild Gars C201R/+ model used here and the more severe Gars Nmf249/+ mouse used by He et al. (2015) . VEGF-independent pathways. Finally, the lack of a Gars vascular phenotype may simply reflect that a mild dampening of Nrp1/VEGF-A signalling preferentially impacts the neuronal-specific functions of the pathway. This scenario is perhaps the most likely, as it corroborates the previous observation that VEGF-A-deficient mice display selective degeneration of motor neurons (Oosthuyse et al., 2001 ).
In summary, we have clarified that CMT2D mice display a strict neuropathology, and that GlyRS-mediated disruption of Nrp1/Vegf-A signalling appears to be permissive to capillary maturation and maintenance. This indicates that there is a possible concentration-dependent dual action of the Nrp1/VEGF pathway in both nervous and vascular systems.
Materials and Methods
Animals
Gars C201R/+ mice were maintained as heterozygote breeding pairs on a predominantly C57BL/6 background and genotyped as described previously (Achilli et al., 2009) .
Mice sacrificed at one and three month time points were 28-34 and 89-97 days old, respectively. Multiple tissues were simultaneously harvested from both males and females. Mouse handling and experiments were performed under license from the UK Home Office in accordance with the Animals (Scientific Procedures) Act (1986), and approved by the University College London -Institute of Neurology Ethics
Committee.
Tissue preparation and immunohistochemistry
All steps were performed at room temperature, apart from overnight incubations conducted at 4°C. Lumbrical and TVA muscles dissected and immunohistochemically labelled as previously described (Murray et al., 2014; Sleigh et al., 2014a; Sleigh et al., 2014b) . Eyes were removed and fixed in 4% (w/v) paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA) for 2 h, before retinas were dissected and stained as reported previously (Pitulescu et al., 2010) . Sciatic nerves were dissected from mice transcardially perfused with 4% PFA, post-fixed for 2 h, and processed and 10 μm section stained as previously described (Sleigh et al., 2016 preprint). E13.5 hindbrains were dissected and stained using published protocols (Fantin et al., 2013) . All tissues were incubated with primary antibodies overnight ( 
Imaging and analysis
Tissues were imaged using a LSM 780 laser scanning microscope (Zeiss, Oberkochen, Germany) and images analysed using ImageJ software (https://imagej.nih.gov/ij/). All samples were imaged and analysed blinded to genotype. No samples were excluded from the analyses once imaged. IB4-stained muscles, retinas, and hindbrains, and Pecam1-stained sciatic nerve sections were used for capillary analyses as performed previously (Somers et al., 2016; Somers et al., 2012) . was overlaid onto 3D-projected (Max Intensity) images, and every capillary found at a grid intersection measured (except those that were branching), with repeated measures of the same capillary accepted (Fig. S3A-B) . Over 400 capillary diameters were measured and averaged per tissue per genotype. For capillary density analyses, images were 3D-projected (Max Intensity), converted to binary (capillaries assigned to black), and particles analysed (Fig. S3A, C) . The summed black particle number was then divided by the number of sections to account for Z-stack depth. To assess branching density, capillary bifurcations were counted using the Cell Counter plugin on projected images and the total branches divided by the number of sections (Fig.   S3A, D) . Non-projected image stacks were used to ensure the counted branches were bifurcations and not crossing capillaries.
Statistical analysis
Data were assumed to be normally distributed unless evidence to the contrary could The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. age, P = 0.007; genotype, P = 0.090; interaction, P = 0.508), density (E, age, P < 0.001; genotype, P = 0.290; interaction, P = 0.625), or branching density (F, age, P < 0.001; genotype, P = 0.468; interaction, P = 0.721) were observed in Gars C201R/+ mouse lumbrical muscles at one and three months. (D, F, H) The TVA muscle also showed no difference in capillary diameter (D, age, P = 0.875; genotype, P = 0.264; interaction, P = 0.359), density (F, age, P < 0.001; genotype, P = 0.223; interaction, P = 0.889), or branching density (H, age, P = 0.020; genotype, P = 0.086; interaction, P = 0.340). All data sets were analysed with two-way ANOVAs. n = 5. respectively (Neufeld et al., 2002) . Binding of SEMA3A to the NRP1-PLEXIN A coreceptor complex is involved in several diverse biological processes (Epstein et al., 2015; Gu and Giraudo, 2013) , the best characterised of which is guidance of growing axons (Fujisawa, 2004) . VEGF-A 165 and NRP1 function in vasculogenesis, angiogenesis, and arteriogenesis (Kofler and Simons, 2015) , as well as in the nervous system (Mackenzie and Ruhrberg, 2012) 
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